A mutational analysis of the matrix metalloproteinase (MMP) gene family in human melanoma identified somatic mutations in 23% of melanomas. Five mutations in one of the most commonly mutated genes, MMP8, reduced MMP enzyme activity. Expression of wild-type but not mutant MMP8 in human melanoma cells inhibited growth on soft agar in vitro and tumor formation in vivo, suggesting that wild-type MMP-8 has the ability to inhibit melanoma progression.
A mutational analysis of the matrix metalloproteinase (MMP) gene family in human melanoma identified somatic mutations in 23% of melanomas. Five mutations in one of the most commonly mutated genes, MMP8, reduced MMP enzyme activity. Expression of wild-type but not mutant MMP8 in human melanoma cells inhibited growth on soft agar in vitro and tumor formation in vivo, suggesting that wild-type MMP-8 has the ability to inhibit melanoma progression.
MMPs are proteolytic enzymes that degrade components of extracellular matrix and basement membranes 1 . MMPs have been associated with cancer metastasis 2, 3 , and small molecule inhibitors of MMPs were tested as potential anticancer agents. However, clinical trials using these inhibitors showed no effect and, occasionally, accelerated tumor growth 4, 5 . In contrast to the idea that MMP activity promotes melanoma progression, mouse models suggested that MMPs can have an antitumor role [6] [7] [8] . In particular, an increase in skin tumor incidence was seen in MMP-8-deficient mice 6 . These findings suggest that an in-depth analysis of the specific role of individual MMPs in particular cancer types is warranted. We systematically addressed these issues by a comprehensive mutational analysis of the MMP gene superfamily in melanoma.
The human MMP family consists of 23 genes. To evaluate whether these are genetically altered in melanoma, we analyzed the coding exons of this gene superfamily in 32 individuals with melanoma (Supplementary Table 1 , Supplementary Methods and Supplementary Note online). Exons were PCR-amplified from cancer genomic DNA samples (see primers listed in Supplementary Table 2 online) and sequenced with dye terminator chemistry. To determine whether a given mutation was somatic, we sequenced the gene in genomic DNA from matched normal tissue. From the B5.5 Mb of sequence information obtained, we identified eight MMP genes containing somatic mutations ( Table 1) . Genes found to have one or more nonsynonymous mutations were then screened for mutations in an additional 47 melanomas. Through this approach, we identified 28 somatic mutations in eight genes, affecting 23% of the melanoma tumors analyzed ( Table 1 and Supplementary Fig. 1 online) .
In seven tumors, both alleles of the MMP gene were affected, a characteristic associated with tumor suppressor genes. In addition, 6 of the 28 mutations were nonsense or splice-site alterations, which were predicted to result in aberrant or truncated proteins. Most tumors with MMP gene mutations also contained mutations in NRAS or BRAF. The clinical information associated with melanoma tumors containing MMP mutations is described in Supplementary Table 3 online.
The observed somatic mutations could be either 'driver' mutations that have a functional role underlying neoplasia or nonfunctional 'passenger' changes. In the eight genes found to be mutated, 28 nonsynonymous (N) and 5 synonymous (S) somatic mutations were identified, yielding a N:S ratio of 28:5, significantly higher than the N:S ratio of 2:1 predicted for nonselected passenger mutations 9 (P o 0.026), suggesting that these are driver mutations. The ratio of C4T mutations compared to other nucleotide substitutions had a significant prevalence of C:G4T:A transitions (P o 0.0001) ( Supplementary Fig. 2 online) , confirming previously reported melanoma signatures 10 .
MMP8 and MMP27 were the most frequently mutated MMP genes in our samples. Notably, MMP-8 and MMP-27 have an identical protein domain structure 1 ( Supplementary Fig. 3 online) . We chose to focus on MMP8 because it has been previously shown to protect against skin tumor development 6, 8 , and most of its mutations were accompanied by loss of heterozygosity, suggesting that MMP8 is a tumor suppressor gene. To test whether MMP8 is also inactivated through epigenetic events, we screened the sequence surrounding MMP8 for DNA methylation using an EpiTYPER system (Sequenom). We found that local epigenetic changes are not involved in MMP8 inactivation in our melanoma samples (data not shown), consistent with our finding that MMP8 is expressed in melanoma (Supplementary Fig. 4 online) .
To determine whether the mutations in MMP8 affected the protein's proteolytic activity, we expressed wild-type MMP-8 and five tumor-derived mutants (S50F, P78S, K87N, G104R and E138Q) in HEK 293T cells. A similar expression level of all MMP-8 constructs was observed. Evaluation of MMP activities in immunoprecipitated MMP-8 complexes by type I collagen substrate gel zymography showed that altered MMP-8 proteins conferred less proteolytic activity toward collagen I than the wild-type protein (Fig. 1a) .
To determine whether MMP-8 has tumor suppressor activity that is inactivated by tumor-derived mutations, we created stable pooled clones of human melanocyte Mel-STR cells 11 expressing similar levels of wild-type or mutant MMP8 ( Supplementary Fig. 5 online) . MMP-8 activity of these clones was identical to that of HEK 293T cells (Fig. 1a) . These clones were used for subsequent studies.
Expression of wild-type or mutant MMP-8 did not affect the growth rate of Mel-STR cells in tissue culture ( Supplementary Fig. 6 online). In contrast, expression of wild-type but not mutant MMP-8 substantially inhibited colony growth on soft agar (Fig. 1b) . To test whether inhibition of MMP8 would have the same effect on cell growth on soft agar as MMP8 mutation, we used short hairpin RNA (shRNA) to stably knockdown MMP-8 protein levels in SK-Mel-2 cells, a melanoma cell line that expresses wild-type MMP-8. We examined the effect of two different shRNA constructs against MMP8: both resulted in an increase in the ability of SK-Mel-2 cells to grow on soft agar compared to control shRNA constructs (Fig. 1c) .
As a previous study has reported that wildtype MMP-8 reduces cell migration 8 , we investigated whether cell migration was altered in melanoma lines expressing the various MMP-8 mutants. Cells expressing wild-type MMP-8 had a reduced migration capacity compared to cells expressing mutant MMP-8 ( Supplementary Fig. 7a,b online) . In contrast, when MMP-8 was knocked down in SK-Mel-2 cells, there was a significant (P o 0.0001, t-test) reduction in the ability of the cells to migrate ( Supplementary Fig. 7c,d) .
To determine whether the MMP8 mutations resulted in altered growth in vivo, Mel-STR clones expressing empty vector, wildtype or mutant MMP-8 were administered to NOD/SCID mice by subcutaneous injection. Twenty days after injection, none of the mice with cells expressing wild-type MMP-8 had ulcerating lesions, whereas most of the tumors expressing the five mutant MMP-8 proteins presented with ulcerations (Fig. 1d) . Ulceration is a measure of aggression in melanoma and is used clinically as a determinant of melanoma stage 12 . To determine whether MMP-8 expression affected metastasis, we examined sections of paraffinembedded lungs by hematoxylin/eosin (H&E) staining. No lung metastases were found in the mice injected with wild-type clones, and only one of the mice injected with clones expressing empty vector had micrometastases. In contrast, numerous perivascular, peribronchial and subpleural micrometastases with evidence of tumor invasion were observed in some of the mice receiving clones expressing MMP-8 mutants (Fig. 1e) . Because of severe skin ulceration, mice had to be euthanized before macroscopic metastases were evident. It is probable that a larger number of mice injected with mutant clones would have developed metastases had they been euthanized at a later time point. Thus, a correlation between increased ulceration and micrometastasis formation was seen (Supplementary Table 4 online). Although the underlying mechanism for the metastatic phenotype seen in the mutant cells is unclear, it is consistent with murine MMP-8 conferring a reduced invasive ability 8 . In contrast to the above results, no significant difference was observed in the primary tumor growth rate. This is consistent with the similar growth rate of all the clones in vitro.
The combination of genetic, biochemical and cellular data presented here suggests that MMP8 is a tumor suppressor in human melanoma. This conclusion is consistent with the previously reported antitumor properties of MMP-8 and other proteases [5] [6] [7] 13, 14 . Indeed, knockdown of MMP-8 phenocopies mutant MMP-8 overexpression when growth on soft agar is evaluated. However, knockdown of MMP-8 does not phenocopy mutant overexpression when cell migration is assessed. This suggests that, in some cases, the MMP-8 mutants may have an assayspecific gain-of-function or dominant-negative effect. This scenario has precedent and has been described for p53 (ref. 15 ).
To our knowledge, this study represents the first systematic mutational analysis of the MMP family in any human cancer type. Despite decades of research on MMPs, this is the first study that demonstrates that a large portion of melanomas have previously uncharacterized somatic mutations in MMP genes that affect MMP activity. These findings emphasize the need to test the role of each MMP in an individual manner and to precisely define its functional role in cancer. This may allow the development of individualized therapy on the basis of the mutant MMP present in specific tumors.
Note: Supplementary information is available on the Nature Genetics website. 
